word count: 192 words Abstract 14 RNA interference (RNAi) is a process of eukaryotic posttranscriptional gene silencing 15 that functions in antiviral immunity in plants, nematodes, and insects. However, 16 recent studies provided strong supports that RNAi also plays a role in antiviral 17 78 5 interrelated (26-28). 79 Coronaviruses (CoVs) are the largest positive single-strand RNA (+ ssRNA) viruses 80
Northern blotting analysis
Total RNA was extracted from cells using TRIzol reagent (Invitrogen), according to 165 the manufacturer's protocol. For eGFP mRNA detection, 20 µg RNA was subjected 166 to electrophoresis in 1.2% denaturing agarose gels containing 2.2M formaldehyde. 167 The separated RNAs were transferred onto a Hybond N+ nylon membrane (GE The templates were made from PCR amplification or annealing with 184 oligonucleotides listed in Table S1 . Ribosome RNAs (rRNAs) or 
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RNase III cleavage inhibition assay were conducted using DIG-labeled 500 bp dsRNA 209 and RNase III (Invitrogen) as described (19). The assay was performed in 20 µl 210 reaction system containing 0.2 pmol DIG-labeled 500 bp dsRNA, 2 µl 10× RNase III 211 reaction buffer (Invitrogen) and 15 µM GST, GST-WhNV B2 or GST-N. After 30 min 212 of preincubation at 25°C, 1 U of RNase III was added and the reaction mixtures were 213 incubated at 37°C for 30min. Reaction products were resolved by 1.2% TBE-agarose 214 gel electrophoresis and then subjected to Northern blotting for DIG signal detection.
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Sequence alignment and analysis of coronavirus N protein 216 The Clustal X program V2.0 was used to align the sequences of coronavirus N protein 217 N. The resulting file was transferred to GENDOC to prepare for the graphic figures.
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Sequences for SARS-CoV N proteins were collected from the following genome Table S3 . 233 To evaluate whether coronaviruses encode a VSR, we screened the proteins encoded RNAi-silenced eGFP as well as NoV B2. In contrast, the accessory protein 7a, which 241 was reported as a VSR of SARS-CoV (32), showed extremely limited VSR activity in 242 the screening assays. We detected the protein expression level of some constructs 243 including nsp7-16, N, 7a, ORF6, M and B2, and the results showed that most of them 244 were readily detectable but at variable levels ( Fig. 1D ). Therefore, the VSR activity 245 and its strength observed in the initial screening were not conclusive and had to be 
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Results
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Identification of coronaviral N protein as a VSR in mammalian cells
SARS-CoV N protein and NoV B2 promote the replication of coronavirus MHV
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To demonstrate the physiologic function of coronaviruses N protein as a VSR in vivo, 362 we used the coronavirus MHV strain A59, which belongs to the same virus group as 363 that of SARS-CoV, as a model to investigate the influence of N protein and its 364 mutants on virus replication. We and others have reported that the multiple functional 365 N protein is essential for coronavirus, and the expression of N protein either in cis or 366 in trans could facilitate the viral replication (40, 54, 55). Therefore, SARS-CoV N 367 protein, N mutants and NoV B2 provided in trans were tested in the in vivo system.
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As shown in Fig. 7A to 7D, the MHV titer was up-regulated 3-5 fold by SARS-CoV 369 N protein in a dosage-dependent manner in Neuro-2a cells (Fig. 7A ), while the VSR 370 inactive mutant K258/262A failed to promote the replication of MHV (Fig. 7B) . In 371 contrast, the VSR activity irrelevant mutant K267A (Fig. 6E ) exhibited similarly 372 promotion as wild type N protein (Fig. 7B) . Impressively, the typical VSR NoV B2 373 could also facilitate the replication of MHV (Fig. 7B) , further suggesting that the 374 increase of MHV replication may be due to the general suppression of RNAi in host 375 cells. The MHV titers were checked by the plaque assays in L2 cells (Fig. 7D ). These 376 results were also confirmed by analyzing the synthesis of viral gene 7 mRNA (mRNA 377 7) using RT-PCR in Neuro-2a cells (Fig. 7C) , and the expression of corresponding 378 proteins were evaluated (Fig. 7E ). As shown in Fig. 7D and 7E , the effect of 379 19 SARS-CoV N protein on the enhancement of MHV growth was also dose-dependent, 380 consistent with the previous observation ( Fig. 3A and 3B ). In the above assays, the 381 steady-state protein level of K258/262A mutant was similar to that of wild type N 382 protein with the transfection dosage of 300 ng DNA (Fig. 7E) ; however, the mutant 383 K258/262A could not promote MHV growth, but 300 ng wild type N protein could 384 still significantly enhance virus replication (Fig. 7A, 7D and 7E) . Therefore, the 385 deficiency of K258/262A mutant in VSR activity was not due to reduced expression Ago2 transcripts in mouse Neuro-2a and L2 cells were knocked down by synthetic 410 siRNAs (siDicer1 and siAgo2). As shown in Fig. 8 , the mRNA levels of Dicer1 and 411 Ago2 were markedly reduced in cells transfected with siDicer1-6 and siAgo2-4, 412 respectively ( Fig. 8A and Fig. 8C ), while the Ifn-β mRNA was not significantly 413 affected ( Fig. 8B and Fig. 8D ). The RNAi deficient Neuro-2a cells were still 414 competent in IFN production ( Fig. 9A) , indicating that RNAi depletion did not 415 non-specifically abolish IFN pathway. In RNAi-deficient Neuro-2a cells, either in the 416 presence or absence of SARS-CoV N protein, the replications of MHV were increased 417 to the same level as in RNAi pathway healthy cells provided with SARS N protein 418 ( Fig. 9B and 9C) . Accordingly, there was no reduction in the mRNA level of Isg56 419 observed in the presence of SARS-CoV N (Fig. 9D) , indicating that the increase of 420 MHV replication was affected by the attenuated RNAi pathway but not by 421 suppression of type I IFN response. In fact, the mRNA level of Isg56 increased to 422 some extent whereas the replication of MHV was still promoted in Ago2-knockdown 423 21 cells ( Fig. 9B to 9D) , strongly suggesting that RNAi knockdown was involved in 424 these cells. Moreover, the differences of MHV replication promotion between 425 wild-type SARS-CoV N protein, NoV B2 and mutant K285/262A of SARS-COV N 426 protein observed in Neuro-2a cells (Fig. 7) were eliminated in RNAi knockdown cells 427 by siDicer1 or siAgo2, respectively (Fig. 9E, 9F, 9H and 9I ), while expression of 428 these proteins did not result in different IFN responses ( Fig. 9G and 9J) . The VSR 429 activity was also analyzed in L2 cells that are highly IFN-sensitive. Both healthy and 430 RNAi pathway-deficient L2 cells could produce high level of IFN-β (up to 10000 431 pg/ml) when infected by Sendai virus (SeV), but the production of IFN-β was still 432 undetectable when infected by MHV (Fig. 9K) . In RNAi-competent L2 cells (treated 433 with siGFP), N protein could significantly increase MHV growth (Fig. 9L) . 434 Interestingly, when the RNA pathway was depleted by siDicer1-6 or siAgo2-4, the 435 increment of MHV growth was kept in the absence of N or in the presence of 436 VSR-deficient mutant K258/262A (Fig. 9L) . Together, the observations in L2 cells coronavirus, the largest RNA virus as known. In this study, we showed the evidence 460 that coronaviruses also possess VSR, which was identified as N protein that shares 461 similar structural architecture and gRNA/subgenomic RNA (sgRNA) binding activity 462 to enhance the viral transcription, replication and assembly among coronaviruses (37, 463 38, 40, 65, 66). It is abundantly produced in infected cells to support its multiple 464 functions as well as VSR. Besides the ssRNA binding activity, we showed that N binding to virus-derived siRNA to interfere with RISC assembly.
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In this study, we showed that the VSR activity was highly dependent on the protein 477 expression levels ( Fig. 3A and 3B; Fig. 7D and 7E ). In the initial screening assays for 478 putative VSRs (Fig. 1) , we did not evaluate the protein expression levels of different 479 constructs, and therefore effects observed in the reversal-of-RNA silencing could not 480 be directly compared and may result in either false-positive or false-negative 481 outcomes. For example, SARS-CoV 7a, previously reported as a VSR (32), did not 482 show apparent VSR activity in our assay system. Notably, the MERS-CoV N protein 483 expression level is higher than that of SARS-CoV N protein, while the VSR activity 484 of MERS-CoV N protein is less than that of SARS-CoV N protein (Fig. 2H) . These 485 results suggest that the N proteins of coronaviruses may have different intrinsic 486 activities in suppressing RNAi. We speculate that the low VSR activity of 
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Therefore, that the VSR inactive mutant K258/262A of SARS-CoV N protein led to 502 the attenuation of MHV replication might imply that the sufficient VSR activity is 503 important for the coronaviruses replication.
504
Although the IFN-mediated antiviral response is important for mammalian cells, a lot 505 of studies have indicated that MHV is a poor inducer of type I IFN response (59).
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Moreover, MHV is resistant to the pretreatment of IFN-α/β and does not induce the 507 generation of IFN-β in various cell types, suggesting that it can suppress IFN 508 signaling pathway or its downstream gene effects at multiple level (56, 58). In this 509 25 study, we showed that MHV infection did not induce the production of IFN-β in both 510 mouse Neuro-2a and L2 cells ( Fig. 7F and 9A) . In primary cells, IFN is induced by 511 MHV infection in plasmacytoid dendritic cells (pDC) and macrophages (57, 72, 73), 512 but not in neurons, astrocytes and hepatocytes (57). Therefore, we used coronavirus 513 MHV strain A59 as a replication model, which might to some extent avoid the impact 514 of IFN response, to investigate the influence of N protein and its mutants on virus 515 replication. Here we demonstrate that SARS-CoV N protein could promote MHV 516 replication both in Neuro-2a cells and L2 cells, the former being low responsive to 517 IFN induction while the latter highly sensitive ( Fig. 7 and Fig. 9 ). We also test the 518 VSR activity of N protein in IFN-deficient insect cells (Fig. 2G) . These results 
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293T cells were co-transfected with plasmids encoding eGFP reporter (125 ng),
